Lipid rafts and membrane traffic  by Hanzal-Bayer, Michael F. & Hancock, John F.
FEBS Letters 581 (2007) 2098–2104Minireview
Lipid rafts and membrane traﬃc
Michael F. Hanzal-Bayer, John F. Hancock*
Institute for Molecular Bioscience, University of Queensland, St Lucia 4072, Australia
Received 24 January 2007; revised 26 February 2007; accepted 7 March 2007
Available online 15 March 2007
Edited by Thomas So¨llnerAbstract Membrane rafts are regions of increased lipid acyl
chain order that diﬀer in their lipid and protein composition from
the surrounding membrane. By providing an additional level of
compartmentalization they have been proposed to serve many
functions in cellular signal transduction and traﬃcking. We will
review their potential involvement in diﬀerent forms of membrane
traﬃc, explicitly excluding signalling, and discuss select aspects
of the raft hypothesis in its current form.
 2007 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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One essential feature of all life is to establish a boundary that
separates it from the non-living environment but which does
not act as an impermeable barrier. This boundary is made of
lipids that were long believed to exclusively exist in a disor-
dered ﬂuid state as a consequence of constant thermal motion
[1,2]. Although lipids can undergo a highly cooperative transi-
tion into a gel state in which optimized van der Waals interac-
tion between the extended and aligned fatty acids opposes
thermal motion, this solid-ordered state has not been observed
in cells. A third state of lipid order arises in the presence of
some membrane-active sterols, most importantly cholesterol
and its analogues in other organisms. This liquid-ordered state
resembles the solid-ordered state in conformational chain or-
der but the disordered state in terms of membrane ﬂuidity
and is the biophysical basis of rafts [3–6].
To describe rafts as membrane regions in which the constit-
uent lipids are in a state of order comparable to the liquid-Abbreviations: DRM, detergent resistant membranes; EGF, epidermal
growth factor; FRET, ﬂuorescence resonance energy transfer; GFP,
green ﬂuorescent protein; GPI-AP, glycosylphosphatidyl-inositol an-
chored protein; GUV, giant unilamellar vesicles; HIV, human immu-
nodeﬁciency virus; ld, liquid-disordered; lo, liquid-ordered; PH,
pleckstrin homology; PIP2, phosphatidyl-inositol-4,5-bisphosphate;
TMD, transmembrane domain
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catches the most important fact. Whether lipids or proteins
can become part of rafts primarily depends on how well they
can integrate without unbalancing lipid order. If only some
types of lipids and proteins can be integrated, rafts would the-
oretically segregate or accumulate proteins. Moreover, as this
dynamic protein-lipid assembly will diﬀer from the immediate
environment in physical properties such as thickness, curva-
ture, or bending rigidity, additional functions may arise [7].
Since its original proposal, the raft concept has attracted an
enormous amount of attention, with attempts to deﬁne what a
raft actually is and to implicate rafts in an ever growing list of
cellular functions. The relative simplicity of the basic concept
has stimulated a great deal of conjecture as to its applicability
to other aspects of cell biology, however, the lack of simple
tools to study rafts in intact cells has brought about caution
and distrust towards its value [8–11]. In this minireview, we
will focus on the various forms of membrane traﬃc where rafts
may be involved and highlight some of the challenges raft re-
search is currently faced with.2. The raft concept
Few will doubt the functional importance of membrane lat-
eral heterogeneity as a reﬁnement of the classical ﬂuid mosaic
model [1]. The co-existence of domains in the liquid-ordered
(lo) and liquid-disordered (ld) state in synthetic and biological
membranes adds another level to this heterogeneity. Cellular lo
domains are below the resolution limit of conventional light
microscopy but coalesce when lipid or protein components
are cross-linked. Function is probably based on the relatively
larger signalling and sorting platforms thus formed, although
even small nanodomains can theoretically enhance signalling
ﬁdelity [9,12].
Controversy arises about the size and existence of lo do-
mains at rest and the mechanism of their formation. The origi-
nal raft concept is based on lipid immiscibility. Sphingolipids
with predominantly long and saturated hydrocarbon chains
can easily integrate into regions of high acyl chain order,
whereas glycerophospholipids with often unsaturated, kinky
fatty acids cannot. In the presence of cholesterol, these lipids
will phase-separate at physiological temperature. Phase-sepa-
ration, like membrane self-assembly, is a lipid-driven and syn-
ergistic event, in which the behaviour of large ensembles of
lipid molecules is dominated by cooperative van der Waals
interactions and hydrophobic exclusion of the aqueous solvent
[3].ation of European Biochemical Societies.
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can initially be comparatively small but eventually equilibrate
into larger domains that cannot be observed in cells [5,9]. Con-
stant membrane turnover may suﬃce to prevent lo domains
from equilibrating into larger structures [13], and proteins
modulate domain formation and may even prevent phase-sep-
aration altogether [9]. An increasing number of independent,
methodologically diﬀerent studies assign biological lo domains
diameters of some 50 nm but others argue that these are al-
ready the result of domain coalescence of even smaller units
of 5–20 nm [3,9,14]. Such small molecular ensembles may no
longer be appropriately described by lipid immiscibilities,
and a distinction between lipid- or protein-dominated behav-
iour becomes irrelevant. In the absence of phase separation,
proteins may organize lipid inhomogeneities by surrounding
themselves with temporally stable lipid-shells in which the shell
lipids are in rapid equilibrium with the surrounding membrane
[11]. Pure lipid clusters may result from the formation of con-
densed complexes between cholesterol and sphingolipids with
a ﬁxed stoichiometry [3,14].
Liquid-ordered nanodomains in intact cells are at present
only visualized indirectly by probing acyl chain order and by
measuring anomalous diﬀusion or proximity to each other of
their constituent molecules [3]. Moreover, their highly tran-
sient nature precludes classical biochemical characterization.
In synthetic membranes, lo domains resist solubilisation with
low concentrations of a non-ionic detergent, traditionally 1%
Triton X-100 at 4 C, and the formation of these detergent
resistant membranes (DRM) depends on pre-existing lo do-
mains [4,5]. In cells, however, the underlying mechanisms are
more complex and insuﬃciently understood [4,15]. Cellular
DRM are typically enriched in sphingolipids, a wide range of
peripheral, lipid-modiﬁed proteins, and a limited number of
transmembrane proteins, but they do not have a morphologi-
cal equivalent in living cells [4,15]. Instead, detergent treatment
can alter their composition or even induce phase separation.
Consequently, DRM must not be equated with rafts. They
do, however, contain raft material and have been a good start-
ing point to identify potential raft proteins. Neither presence
nor absence of proteins in DRM is suﬃcient evidence for their
status as raft or non-raft proteins, but relative changes of a gi-
ven protein, due to mutation or altered physiological condi-
tions can be a legitimate application. Ultimately, the decision
whether DRM analysis is an appropriate tool can therefore
not be made in general but will depend on the experimental sit-
uation. We also may not yet have explored their full potential
[16]. Some researchers believe that DRM may nevertheless tell
us something about raft heterogeneity [17] but others do not
agree [14–16,18]. At present, we should focus on making
DRM investigator-independent [18]. Towards this end, one
should keep in mind that detergent extraction is not a simple
method but requires constant amounts of starting material,
internal markers, post-gradient centrifugations, lipid analysis,
cholesterol-depletion controls, and the use of more than one
detergent [16].3. The secretory pathway
The raft concept originated in the ﬁeld of membrane
dynamics in the late 1980s. Previous work had establishedthat apical and basolateral membranes of polarized epithelial
cells do not only diﬀer in their protein but also in their lipid
composition, with the apical membrane being thicker and ri-
cher in glycosphingolipids and cholesterol [3]. Lipid sorting
had been suggested to be accomplished by clustering of sphin-
golipids but not glycerophospholipids, presumably due to
hydrogen bonding. The demonstration that lipids do segre-
gate in the late secretory pathway and a better understanding
of spontaneous phase separation in lipid mixtures as the clus-
tering mechanism then led to the current model where sphin-
golipids and cholesterol accumulate along the secretory
pathway by forming membrane domains similar to lo do-
mains observed in model membranes [3]. According to the
maturation model, these lo domains are excluded from retro-
grade traﬃc because of their higher bending rigidity that
causes partitioning away from areas of high membrane curva-
ture and eventually form sphingolipid-enriched carriers that
are delivered speciﬁcally to the apical plasma membrane [3].
This hypothesis set the background for the proposal that pref-
erential partitioning of lipid-modiﬁed membrane proteins into
these lo domains should also eﬀect their delivery to the apical
plasma membrane [3]. The particular attraction of this pro-
posal stems from the fact that many apical membrane pro-
teins are devoid of classical intrinsic sorting motifs [19].
Important examples are peripheral membrane proteins that
are anchored in the exofacial leaﬂet of the plasma membrane
by a glycosylphosphatidyl-inositol anchor (GPI-AP) and con-
sequently, do not display any sorting information to the cyto-
sol [3].
Contrary to earlier suggestions, apical protein traﬃc does
not operate via bulk ﬂow but is subject to regulation through
sorting determinants such as N- and O-linked glycosylation,
certain transmembrane elements, and the GPI-anchor [19].
Nevertheless, many apical proteins are still without known
sorting information, and the exact sorting mechanisms are less
well deﬁned than for the classical intrinsic motifs such as the
tyrosine- or dileucine-based signals that dominate basolateral
transport [19]. An important aspect of proteins traﬃcking to
the apical membrane is their ability to oligomerize. Some nat-
urally occurring GPI-AP and a synthetic green ﬂuorescent pro-
tein (GFP)-GPI fusion oligomerize in the Golgi concomitantly
with their becoming DRM-associated [20]. Oligomerisation is
protein mediated since a monomeric GFP variant fused to
the same GPI-anchor is missorted [20]. Moreover, some
DRM-enriched GPI-AP do not oligomerize, and this results
in their delivery to the basolateral membrane. Oligomerisation
may also be an important step in the apical sorting of N-gly-
cosylated proteins as cross-linking by galectin-3 has been
shown to be essential for correct delivery of some DRM-ex-
cluded transmembrane proteins [19].
Many transmembrane plasma membrane proteins have
longer transmembrane domains (TMD) than Golgi-resident
transmembrane proteins. It has therefore been suggested that
the length of a TMD must match the thickness of the host
membrane [21]. Lengthening of Golgi-resident TMDs can
cause their delivery to the PM whereas shortening of plasma
membrane TMDs can cause their retention in the Golgi. In
addition, lateral sorting may occur because the intrinsic pro-
tein shape has to match local membrane curvature or because
of elastic membrane properties rather than its height [7].
Although there must be some adjustment in membrane order
to avoid hydrophobic exposure, it is however, not clear that
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may be determined by integral membrane proteins instead of
cholesterol content [22].4. Endocytosis
Many raft proteins need to be recycled, possibly involving the
same signals and mechanisms that eﬀected their delivery to the
plasma membrane. Endocytosis is complicated and now com-
prises at least four diﬀerent, relatively well deﬁned routes of
internalization. Clathrin-coated pits may exclude rafts, whereas
caveolae and two newly identiﬁed clathrin- and caveolae-inde-
pendent mechanisms seem intimately linked to rafts [23]. Cav-
eolae are distinct ﬂask-shaped plasma membrane invaginations
that are highly enriched in cholesterol and the cholesterol-bind-
ing, integral membrane protein caveolin, which is essential for
caveolae formation. Caveolae have a similar lipid composition
as rafts and may form as the result of caveolin-facilitated coa-
lescence of many small rafts. Caveolae are largely immobile
structures, which mediate a highly regulated rather than a con-
stitutive form of dynamin-dependent endocytosis [24]. Quanti-
tatively signiﬁcant caveolar endocytosis requires a speciﬁc
trigger that involves protein phosphorylation and the actin-
cytoskeleton. Caveolin itself may be the phosphorylation tar-
get, although this has not yet been formerly demonstrated,
and may act as a negative regulator of raft-mediated endocyto-
sis [24]. Caveolar cargo is delivered into the caveosome, a newly
discovered organelle of neutral pH that is enriched in caveolin
but devoid of other endocytic markers [23].
The two newly discovered clathrin- and caveolae-indepen-
dent pathways diﬀer in their dependence on dynamin. A dyn-
amin-dependent pathway is utilized by the interleukin (IL-) 2
and cc cytokine receptors. It is proposed to be raft-mediated
because receptor internalization coincides with increased
DRM-association as a result of IL-2 binding. This pathway re-
quires actin recruitment and RhoA but not Cdc42 [25]. In con-
trast, a second dynamin-independent endocytic pathway is
Cdc42-dependent but RhoA- and Rac1-independent [26]. This
pathway speciﬁcally internalizes DRM-associated, uncross-
linked GPI-AP and ﬂuid-phase markers and delivers its cargo
to the recycling endosome. It has been termed the GEEC
(GPI-AP enriched early endosomal compartment) pathway
and seems to bypass the early endosome [23,27].
It can be technically challenging to distinguish between
endocytic pathways and their functional dependences on lo
domains. Although to diﬀerent extents, all pathways are sen-
sitive to cholesterol depletion and some are interconnected.
As the caveosome, for instance, is linked to the early endo-
some, visualization of very early carriers is necessary to rule
out non-caveolar routes of internalization. Moreover, identi-
cal DRM-associated proteins can be internalized via diﬀerent
pathways [23]. Transforming growth factor beta (TGFb) is
found in both clathrin-coated pits and caveolae at the cell
surface and in EEA1-positive vesicles and caveosomes after
internalization. Similarly, low concentrations of epidermal
growth factor (EGF) lead to EGFR recycling via clathrin-
coated pits while at high concentrations, there is additional
internalization through a cholesterol-dependent, clathrin-
independent pathway that may serve receptor downregulation
[23].5. Membrane curvature
The existence of clathrin- and dynamin-independent forms of
endocytosis raises the question of how these vesicles and mem-
brane protrusions are actually formed. The necessity to deform
membranes, especially to the high degree of curvature observed
in vivo, is in stark contrast with the tendency of cellular bilayers
to be more or less planar. Membrane curvature is therefore a
general problem of membrane dynamics (Fig. 1) [28]. Coat
and coat-related proteins generate curvature by polymerizing
into curved structures on the membrane surface or by partial
insertion into one leaﬂet. Curvature generation may necessitate
additional lipid remodelling by enzymatic lipid conversion or
lipid relocation into the opposing leaﬂet [28].
A putative role for rafts in vesicle formation follows from
the heterogeneous distribution of lipids that would arise from
their existence (Fig. 1C). As lo domains diﬀer from the sur-
rounding membrane in physical properties, there is a more
or less clearly deﬁned boundary between lo and ld regions that
gives rise to line tension and line energy, the product of line
tension and boundary length. Line tension is a key parameter
for the understanding of rafts and is best understood if one dis-
tinguishes global from local eﬀects. If many small domains
coalesce into a large one, overall boundary length, and hence
line energy, will decrease. Globally, any phase-separated sys-
tem will therefore tend to minimize line energy by domain coa-
lescence, which, however, is opposed by a reduction in entropy
and by the fact that cell membranes never reach equilibrium.
Locally, a large domain has a larger boundary length than a
small one, and this increase in local line energy may be able
to drive vesicle formation. Line energy can eﬀectively be re-
duced if membrane within the boundary bulges out of plane
to form vesicles. Domain induced budding is opposed by
forces that minimize the diﬀerence between the membrane’s ac-
tual and spontaneous curvature. However, when lo domains
coalesce into a larger platform, local line energy will eventually
dominate so that vesicle formation becomes energetically
favourable [29,30]. Line tension is also a key parameter be-
cause it could deﬁne a role for cholesterol and proteins to
act as surfactants in the boundary region and thus to decrease
line tension without aﬀecting boundary length [9]. Globally,
this may oppose lipid demixing, but locally, it may help to sta-
bilize larger domains.
Domain induced budding will require regulatory proteins
but could be independent of protein coats and may hence ex-
plain the discrepancy in number between known coat proteins
and distinct vesicle populations, especially at the level of the
trans-Golgi network. Lo domains in giant unilamellar vesicles
(GUV) do have a diﬀerent curvature from the surrounding dis-
ordered phase [31] and curvature is inﬂuenced by the predom-
inant sterol [32], but the degree of curvature commonly seen
seems too small to create vesicles comparable to those ob-
served in cells. On the other hand, smaller vesicles that bud
from domain boundaries have more recently been observed
as a consequence of mixing cholesterol and cholesterol sulfate,
the latter of which may be unable to exchange between leaﬂets
and cannot induce phase-separation on its own [32].
Still, if cellular membranes are held at or near a critical point
in phase behaviour, as has been suggested more recently [6],
line tension may vanish altogether [31], and it is likely that
lo domains have somewhat fuzzy, not clearly deﬁned bound-
aries. A step-like diﬀerence in height between raft and non-raft
Fig. 1. (A) Lipid headgroup structure and acyl chain saturation give rise to diﬀerent lipid shapes. Non-random lipid composition and translocation
of lipids into the opposing leaﬂet create membrane curvature. (B) Proteins alter membrane curvature by their overall shape, tight interaction between
the membrane and a curved protein surface (scaﬀolds), or partial insertion into only one leaﬂet (wedges). A curved membrane allows proteins greater
conformational freedom, thus favouring membrane curvature due to increased entropy. (C) Lipid immiscibility creates line tension and line energy,
the product of line tension and boundary length. Domain induced budding minimises line energy by reducing boundary length. Line energy must
exceed opposing energy terms: deviation from a membrane’s spontaneous curvature gives rise to bending energy, removal of lipids from the donor
membrane increases surface tension. GSL, glycosphingolipids; SM, sphingomyelin; PE, phosphatidylethanolamine; Ch, cholesterol; C, curvature; R,
radius (Rc = 2Rs).
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solvent, and both lo domains and the surrounding membrane
will have to locally adapt. As a consequence, line tension may
more accurately be described as a dampened oscillation that
extends into the environment [33]. Moreover, most planar
model membranes and all GUV thus studied are symmetric
whereas in biological membranes, the lipid composition of
cytosolic leaﬂets may counteract curvature.
In the original view, vesicle formation is a consequence of
domain boundaries and line tension but not of domain compo-
sition and, furthermore, will require inter-leaﬂet exchange of at
least cholesterol [32]. It may therefore preferentially occur in
liquid-disordered regions and not in rafts. In fact, lo domains
are more resistant to bending forces and their dense packing
can inhibit lipid ﬂip-ﬂops, at least of non-sterol lipids [7,31].
Finally, in a number of studies using GUV or tubules gener-
ated by mechanical pulling, regions of high curvature accumu-
lated disordered-phase preferring lipids [34].6. Exocytosis
Rozelle et al. have shown membrane based actin polymeriza-
tion for a subset of Golgi-derived vesicles [35]. These actin
comets were observed preferentially on vesicles containing
the raft ‘marker’ hemagglutinin and were reduced in numbers
after cholesterol depletion. Originally suggested to propel ves-
icles directly, actin could alternatively serve as transport cables
[19]. Myosin 1a and myosin 1 are enriched in DRM prepared
from brush border cells and ﬁssion yeast, respectively [36,37].
Myosin 1a is required for normal brush border morphology
and protein targeting whereas yeast myosin 1 seems to have
a ‘global’ role in the organisation of sterol-rich membrane do-
mains. Similarly, rafts have been implicated in vesicle traﬃc
along microtubules. In polarized cells, microtubules are ori-
ented in parallel between the apical and basolateral surface
with the minus end directed to the apical side. Apical and
basolateral traﬃc therefore require diﬀerent motors to bind
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ted dynein and KIFC3 and the plus-end-directed KIF1A have
been found DRM-associated [38]. KIF1A possess a pleckstrin
homology (PH) domain and its level of activity is highly
dependent on phosphatidyl-inositol-4,5-bisphosphate (PIP2)
concentration. Membrane rafts are therefore proposed not
only to identify a distinct vesicle for motor attachment but also
to trigger motor activation by concentrating PIP2 [38].
In this context, it is worth mentioning that the link between
PIP2 and rafts warrants re-evaluation. Cellular PIP2 is pre-
dominantly linked to polyunsaturated arachidonic acid at po-
sition sn-2 and is not a raft lipid. Its presence in rafts is often
protein-mediated, as a consequence of both lateral sequestra-
tion and localized synthesis [39]. Importantly, PIP2 is by no
means exclusively raft localised but may be more abundant
in disordered regions, and its eﬀects on raft signalling may
be indirect [40]. Moreover, PIP2 clustering in rafts has been
challenged by van Rheenen et al. [41] who could not show clus-
tering of a tandem GFP-PH-PH construct using electron
microscopy and Ripley’s cluster analysis or cholesterol-depen-
dent changes in ﬂuorescence resonance energy transfer (FRET)
eﬃciency, but did show that even low concentrations of Triton
X-100 induced clustering that was dependent on the interac-
tion between the PH domain and PIP2 [41]. The use of PIP2
or PH-domains as raft ‘markers’ may therefore be misleading
and inappropriate.
A role for rafts in vesicle fusion is based largely on the obser-
vations that exocytosis is inhibited by cholesterol-depletion and
that several SNARE proteins have been found raft-associated
by means of DRM, or cholesterol-sensitive clustering, in a vari-
ety of cell types [19,42]. About 20% of SNAP-25 and 50–70%
(depending on the cell type) of SNAP-23 have been found
DRM-associated as a direct consequence of palmitoylation
on four or ﬁve cysteine residues, respectively, and introduction
of a ﬁfth palmitoylation site increased DRM-association of
SNAP25 F84C to that of SNAP-23 (about 60%) [42]. Reminis-
cent of the unusually high content of phenylalanines in a variety
of Golgi transmembrane domains, removal of phenylalanine
alone (F84S) also resulted in an increased (40%) recovery in
the DRM fraction. Intriguingly, very similar gradual changes
were observed when these mutants were assayed for their ability
to sustain endocytosis [42].
DRM-association of syntaxins, in contrast, is less well
understood and binding to phosphoinositides, cholesterol, or
other raft proteins have been proposed. Although syntaxin-
1A was excluded from lo domains in model membranes, syn-
taxin 1A and SNAP-25 co-clustered and co-puriﬁed in PC12
cells, which was dependent on their ability to interact [19]. Syn-
taxin-3 was found selectively enriched in DRM fractions but
syntaxin-4 was equally present in both fractions, and syn-
taxin-2 was DRM-excluded [19]. Interestingly, in many epithe-
lial cells, syntaxin4 is involved in basolateral transport whereas
syntaxin3 regulates apical traﬃc [3].
In contrast, SNARE regulators such as munc18 or aSNAP
may be excluded from rafts. In PC12 cells, both munc-18
and the munc-18/syntaxin1A complex did not purify with the
DRM fraction but the syntaxin1A/SNAP-25 complex was
present in both fractions [19]. Syntaxin3 and a syntaxin3-
SNAP-23 complex were DRM-enriched but the munc18-2/syn-
taxin3 complex was DRM-excluded and, in another study,
spatially separated from syntaxin3 SNARE complexes [19].
Munc18-2 has been shown to dissociate syntaxin3/SNAP23complexes and its overexpression inhibited apical delivery of
hemagglutinin [19,42]; thus suggesting that membrane rafts
might facilitate vesicle fusion.
On the other hand, however, the more recent study on
SNAP-23 and SNAP-25 mentioned above demonstrated that
higher DRM aﬃnity actually inhibited exocytosis [42]. An
alternative role for membrane rafts may lie in the recycling
or regeneration of vesicles. The recent advent of diﬀraction-
unlimited microscopy, for instance, has allowed demonstration
that upon vesicle fusion the v-SNARE synaptotagmin I does
not diﬀuse into the presynaptic plasma membrane but remains
clustered [43]. Although a connection to membrane rafts was
not made, the authors pointed out that stable protein com-
plexes had been observed and puriﬁed earlier and that protein
clustering could explain the quantal behaviour of synaptic
endocytosis.7. Cell migration
Leukocytes accumulate membrane patches enriched in GM3
at the leading edge and GM1 at the trailing edge; or uropod. As
both lipids partition preferentially into lo domains, the most
common interpretation postulates the existence of a heteroge-
neous population of distinct rafts that, moreover, can somehow
be segregated from each other in a regulated manner. Although
the so called L- and U-rafts mentioned above diﬀer in their pro-
tein composition, this postulate is still somewhat speculative.
Nevertheless, macroscopic spatial segregation of potential raft
markers is observed in the majority of studies of polarized cells,
though the localization of particular makers to either the front
or the rear end may be cell-type speciﬁc [44]. The accumulation
of lo domains at the leading edge of endothelial cells was also
inferred from an increase in membrane microviscosity, which
was visualized using a ﬂuorescent cholesterol derivative [45].
The presence of distinct lo domains at opposing cell edges coin-
cides with the diﬀerential distribution of many DRM-associ-
ated proteins. It has been shown in T-cells that modiﬁcations
that alter DRM-aﬃnity can abrogate asymmetrical distribution
in vivo. Importantly, redistribution of GFP-GPI – devoid of
any migration-speciﬁc protein domains – to the cell edges could
be shown in living cells while DRM-excluded and transmem-
brane proteins remained homogenously distributed [44]. The
important role of actin in cell migration, the DRM-association
of many actin-related proteins, and the reported presence or
production of PIP2 in rafts have thus all been cited to argue
for an actin-driven relocation of membrane rafts. In addition,
some cells show short-lived, random pseudopods after choles-
terol-depletion, which has been used to argue that the basic
machinery for sensing gradients and establishing polarization
is functional but not coordinated [44].
A related process is axon or neurite outgrowth, which in-
volves chemotactile migration of a growth cone (the axon tip)
and concomitant elongation of the trailing axonal shaft (‘con-
solidation’) [46]. Cholesterol-depletion reversibly inhibits
chemotropic growth cone turning but does not compromise
other functions. This was illustrated in an elegant study where
cyclodextrin was locally applied to one side of the growth
cone but not the other [47]. In a uniform gradient of a chemo-
attractant the growth cone turned away from the source of
cyclodextrin whereas in a uniform gradient of a chemorepellant
it turned towards it. The inhibitory eﬀect of cholesterol deple-
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of glutamate, which initiates Ca2+-signalling through the
DRM-excluded NMDA channel. Functionally important lo
domains may localize to the growth cone tip since disruption
of membrane order by local, laser-induced production of sin-
glet oxygen at the tip but not its central domain inhibited
axon growth in another study [46]. Besides forming signalling
centres, these lo domains may protect certain cell adhesion
molecules from internalization via src kinase-mediated phos-
phorylation of their endocytic motifs, which can eliminate rec-
ognition by clathrin adaptor proteins. This would create a
gradient of cell-substrate adhesion; a crucial prerequisite for
anterograde cell migration [46].8. Conclusion
Evidence for the existence of membrane rafts is accumulat-
ing and a more coherent picture is beginning to emerge [9].
The raft hypothesis is widely accepted, albeit under intense
scrutiny. Lipid immiscibility can now be demonstrated at phys-
iological temperatures with complex lipid mixtures and in both
leaﬂets of asymmetric planar bilayers, and there is evidence for
smaller domains below the resolution limit of conventional
light microscopy [5,48]. Many proteins that are DRM-associ-
ated in vivo prefer the lo phase in model membranes, and
changing the membrane anchor of such a protein to one that
prefers the ld phase can alter protein function in vivo [5]. Good
evidence also comes from natural models such as the self-
assembly of virus particles, the raft-like lipid composition of
human immunodeﬁciency virus (HIV), or the dependence of
bacterial invasion on phase-separating lipid mixtures [49,50].
Membrane rafts have been implicated in a multitude of cel-
lular processes but only four are currently without alternative
explanations: (1) high ﬁdelity, polarized sorting of GPI-an-
chored proteins, (2) stable diﬀerential distribution of lipid spe-
cies in the presence of constant membrane ﬂux, (3) functional
diﬀerences between highly homologous signalling proteins in
identical compartments, and (4) vesicle formation without
known adaptor and coat proteins. It is presently unclear
whether rafts can solve these questions, and they could have
additional functions, but in our enthusiasm we may very well
overestimate the number of raft-facilitated cellular processes
and the speciﬁcity rafts can provide. As has been pointed out
earlier, the main function of rafts or cholesterol may be to
facilitate protein–protein-interactions at a more fundamental
level and even higher speciﬁcity, while all the classical pro-
tein–protein speciﬁcities are of course maintained [9,14].
In conclusion, it seems at present equally likely that mem-
brane rafts are of crucial functional importance in a few pro-
cesses, or a widespread but rather elementary feature
inherent to life, such that eukaryotic cells may not ultimately
share our enthusiasm about them, although a virus might.
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